Abstract: Isabgol (Plantago ovata Forsk.) is an important medicinal plant having high pharmacological activity in its seed husk, which is substantially used in the food, beverages and packaging industries. Nevertheless, isabgol lags behind in research, particularly for genomic resources, like molecular markers, genetic maps, etc. Presently, molecular markers can be easily developed through next generation sequencing technologies, more efficiently, cost effectively and in less time than ever before. This study was framed keeping in view the need to develop molecular markers for this economically important crop by employing a microsatellite enrichment protocol using a next generation sequencing platform (ion torrent PGM™) to obtain simple sequence repeats (SSRs) for Plantago ovata for the very first time. A total of 3447 contigs were assembled, which contained 249 SSRs. Thirty seven loci were randomly selected for primer development; of which, 30 loci were successfully amplified. The developed microsatellite markers showed the amplification of the expected size and cross-amplification in another six species of Plantago. The SSR markers were unable to show polymorphism within P. ovata, suggesting that low variability exists within genotypes of P. ovata. This study suggests that PGM™ sequencing is a rapid and cost-effective tool for developing SSR markers for non-model species, and
none have been developed so far for Plantago ovata. Microsatellites can either be newly developed, especially for a species having limited genomic information, or can be mined from the sequence repositories available in public databases. Various methods are available for microsatellite development, and most of them employ the targeted enrichment of DNA for microsatellites [24] . The recent development of library enrichment techniques, coupled with second-generation sequencing, has made the development of these markers simple, rapid and cost effective. The semiconductor Ion Torrent Personal Genome sequencer carries out sequencing by synthesis (SBS) by sensing the release of hydrogen ions as part of the base incorporation process [25] . The deployment of such a sequencing-based approach drastically reduces the cost of sequencing and can be used to develop molecular markers.
Through the present study, an attempt was made to generate genomic resources in terms of microsatellite markers for Plantago ovata by combining a microsatellite enrichment method with high throughput sequencing along with evaluation of cross-species amplification of the derived markers.
Material and Methods

Germplasm Collection and DNA Extraction
A total of 12 genotypes, which included six commercially grown varieties of Plantago ovata, and one genotype each from six allied species of P. ovata were used in the present study ( Table 1) . The genotypes were grown in a polyhouse, and young expanding leaves were harvested for DNA isolation. DNA was isolated by the CTAB method [26] , checked for quality on 0.8% agarose gel and quantified using Nanodrop (Thermo Scientific, Wilmington, DE, USA). DNA was diluted to a working concentration of 20 ng/μL with Tris-EDTA buffer and used for PCR amplification. 
Ion Torrent PGM™ Library Preparation, Enrichment of SSR and Sequencing
The whole genome sequencing (WGS) library was prepared from 1 μg DNA of elite isabgol variety, GI-3 (Gujarat Isabgol-3), following the manufacturer's protocol (Life Technologies, Invitrogen Division, Darmstadt, Germany) to obtain a mean size of 200 bp. Microsatellite enrichment was performed by hybridizing the genomic DNA library (1:1) with custom designed 5′ biotinylated di-and tri-nucleotide repeat SSR probes (MWG, Eurofins) (Supplementary file). Hybridization was performed in 2× hybridization buffer containing 10× SSPE, 10× Denhardt's, 10 mm EDTA and 0.2% SDS [27] for 24 h at 65 °C followed by enrichment of captured SSR repeats using streptavidin beads (Quiagen, Germany). Captured sequences were eluted and purified using melt solution (100 mm NaOH) and a PCR purification kit following the manufacturer's protocol (Quiagen, Venlo, Limburg, Netherlands). The microsatellite enriched or captured library was further amplified for eight cycles using primers complementary to the P1 and A adaptors used for library preparation. An amplified enriched library was purified by Ampure XP beads (Beckman Coulter, Brea, CA, USA) and quantified by an Agilent 2100 bioanalyzer high sensitivity chip (Agilent Technologies, Palo Alto, CA, USA). The SSR captured library was diluted to 26 pM for emulsion PCR to get a 18-μL volume of diluted library, and amplification solution (nuclease-free water, 5× PCR Reagent mix, 10× PCR Enzyme Mix and Ion Sphere™ Particles) was added and amplified in a thermal cycler according to the manufacturer's instructions. The Ion Sphere™ particles were recovered and enriched using the Ion Xpress Template Kit (Part #4467389 Rev. B), according to the manufacturer's protocol. Ion sphere particles (ISPs) enrichment was confirmed using the Qubit 2.0 fluorometer (Life Technologies, Invitrogen division, Darmstadt, Germany). The sample ISPs were loaded on an Ion 318 chip and sequenced on the Ion Torrent PGM™ for 500 flows/125 cycles.
The sequencing data was obtained in FASTQ format, which was extracted in the form of FASTA files and subjected further to assembly. Adaptor, poly-A tail trimming and quality filtering (threshold quality score = 20) was performed using the software, DNASTAR. Contigs were assembled using the SeqMan NGen 4.0.0 software package (DNASTAR, Madison, WI, USA) specifying a match spacing of 20 nucleotides and a minimum match percentage of 90%.
Searching for SSR-Containing Sequences and Primer Design
SSRs were mined from the sequence assembly using the Perl-based Microsatellite (MISA) search module [28, 29] , which is capable of identifying perfect, as well as compound SSRs. The criteria used for the identification of SSRs included a minimum of six repeats for di-(NN) and four repeats for tri-nucleotide (NNN) [30] . Two SSRs separated by a maximum of 100 nucleotide bases were considered as part of a compound SSR. The design of primer pairs for SSRs was done by using Primer3 [31] with default parameters. The primer designing conditions were: 50-60 °C melting temperature, 40%-60% GC content and 18-24 bp primer length. Other parameters were at the default setting of Primer3. The designed primers were further checked for desired characteristics, like hairpin structure, primer dimer using the online Scitool, Oligoanalyzer, Integrated DNA Technologies [32] . The newly developed SSR primers were named with the prefix APOM (Anand Plantago ovata microsatellites) and synthesized from First Base, Germany.
Validation and Cross-Species Amplification of SSR Markers
To validate and assess the transferability of the newly identified SSRs, a total of 37 microsatellites were randomly selected. These 37 SSRs were first used to assess polymorphism in Plantago ovata.
PCR amplification was carried out in a 10-μL volume containing 5 μL DreamTaq Green PCR Master Mix (2×) (Thermo Scientific/Fermentas, India), 3 μL nuclease free water, 0.5 μL primer pairs (10 pmol each) and 1 μL template DNA (20 ng/μL). Thermal amplification was carried out in a Thermal Cycler (Eppendorf Vapo Protect, Hamburg, Germany) by using the following conditions; initial denaturation at 94 °C for four min, 35 cycles of denaturation at 94 °C for 30 s, annealing temperature ranging between 48-60 °C for 45 s, extension at 72 °C for one min and final extension at 72 °C for seven min. The amplified products of SSR were analyzed using 2.5% agarose gel. The separated amplicons were visualized under a UV transilluminator and photographed using the BioRad Gel Documentation system. The primers showing amplification in P. ovata were selected for cross-species amplification with the same conditions as described for P. ovata.
Characteristics of Microsatellites, SSR Marker Scoring and Data Analysis
The microsatellites were classified depending upon the length of the SSR as Class I (≥20 nucleotides (nts)) and Class II (≥10 but <20 nts), the number of nucleotides per repeat unit viz. di-and tri-nucleotide repeats and the arrangement of nucleotides in the repeat motifs viz. perfect repeats, imperfect repeats and compound repeats.
The amplicon profiles of SSR markers generated in Plantago ovata and the six allied species were scored manually as present (1) or absent (0) for each of the SSR loci. Coefficients of similarity were calculated by using Jaccard's similarity coefficient by the SIMQUAL function, and cluster analysis was performed by the agglomerative technique using the UPGMA (un-weighted pair group method with arithmetic mean) method by the SAHN clustering function of NTSYS-pc 2.2 [33] . Relationships between the Plantago species were graphically represented in the form of a dendrogram. The polymorphism information content (PIC) values were calculated according to the following formula:
where Pi is the frequency of the i th allele [34] .
Results and Discussion
Sequencing by Ion Torrent PGM™
The construction and screening of partial genomic libraries and the sequencing of SSR-positive clones are considered effective methods for microsatellite development [35] . However, these approaches are expensive and labor-intensive processes. Therefore, SSR development through enrichment protocols and next generation sequencing turns out to be more desirable over other methods; being fast and efficient [36] . In particular, the discovery and development of simple sequence repeats (SSRs or microsatellites) is straightforward using NGS technologies [37] . Ongoing improvement in the read lengths of the NGS platforms will reduce the disadvantage of the current short read lengths, particularly for the PGM platform, allowing greater flexibility in primer design coupled with the power of a larger number of sequences. Recently, Elliott et al., 2013 [38] reported that PGM sequencing produced more sequences and a higher number of unique microsatellite sequences than GSFLX sequencing for two gymnosperms and one angiosperm species. In the present study, with the targeted enrichment of DNA for microsatellites development, a total of 176.64 Mb of data and nine, 30 and 940 quality reads were obtained in a single sequencing run from the genomic DNA of P. ovata with an average read length of 190 bp (Table 2) . A total of 249 microsatellites were identified from 3447 contigs, and 37 were randomly used for primer designing. The enrichment procedure thus proved to be an efficient way of generating a large number of SSR loci. The contig sequences are provided as a separate Supplementary file. 
Summary for SSR-Containing Sequences
The rates of SSR mutation are positively correlated with SSR length [39] , and thus, SSRs were divided into two classes based on size (Class I, ≥20 nts; Class II, (≥10, but <20 nts). SSRs with lengths of 20 nucleotides and greater tend to be highly mutable [40] , while SSRs with lengths between 10 and 19 nucleotides tend to be moderately mutable [41] . In the case of this study, Class I (≥20 nts) microsatellites were more abundant than in Class II (≥10, but <20 nts) in the enriched DNA of P. ovata. Taken together, perfect (94%) repeat motif SSRs dominated over compound repeats (6%).
Depending on the number of nucleotides per repeat unit, di-nucleotides comprised 11.6% and tri-nucleotides comprised 88.35% (Table 3 ). The tri-nucleotides were the most common SSR type in the Plantago genomic sequence, representing nearly 88% of all SSRs, followed by dinucleotides (12%) ( Table 3 ). This higher percentage of trinucleotide SSR in Plantago was almost similar to that of most monocot species (pearl millet, rice and sorghum) and Arabidopsis, which were by far the most frequent repeat type [42] . The results contrast with that of the trinucleotide repeat distribution in poplar, grapevine and cucumber, where tetranucleotides are the most common SSR type [43, 44] . A possible explanation for the relative abundance of trinucleotides microsatellites in Plantago may rely on the fact that enrichment was performed with a greater number of trinucleotides probes than dinucleotides. In the di-nucleotide repeat category, the distribution of SSRs in different motif types was not uniform, and the most frequent motif type was represented by CG/GC (40%) and AC/GT (30%), followed by AG/CT and AT/AT (Figure 1 ). By contrast, the CG/GC motif was reported as the least frequent dinucleotide in dicots [45] . This difference may account for different genomes being tested or the use of different SSR isolation strategies with varying affinities [46] . AT repeats were least unlike other reports on the abundance of AT repeats in plant genomes [40] . The high frequency of CG repeats can be ascribed to the high level of heterochromatin present in Plantago species [47] . SSR markers with a GC-rich motif would show higher polymorphism than SSR markers with other dinucleotide motifs [48] . Moreover, taxon-specific accumulation of repeats in eukaryotic genomes has been reported for several species [49] . It can be inferred that the accumulation of CG repeat can be species specific. The most frequently occurring microsatellites were AAG/CTT and ATC/ATG followed by AAT/ATT, ACC/GGT, AGC/CTG, AAC/GTT, AGG/CCT, ACG/CGT, ACT/AGT and CCG/CGG. In dicots, trinucleotides with repeat motifs AAG/CTT accounted for the highest percentage of total trinucleotide repeats in genomic sequences. The abundance of AAG/CTT and ATC/ATG repeats might be a species-specific feature and related to high frequencies of certain amino acids [50] . In the present study, GGC was the least repeat motif, which was observed more frequently in all of the monocot species and lower plants [51, 52] . Trinucleotides with repeat motifs CCG/GGC were dominant only in monocots and contributed to 51.5% of the total trinucleotide repeats identified in monocots, whereas only 1.9% of these repeats were present in dicots [45] . This conclusion is supported by the observation that the trimer motif, CCG/CGG, is predominant in the algae, Chlamydomonas reinhardtii, and the model moss, Physcomitrella patens, and could reflect the high GC content in these species. Such a dominance of triplets over other repeats in coding regions may be explained on the basis of the suppression of non-trimeric SSRs in coding regions, possibly due to a change in the reading frame with the increase or decrease in the number of repeat units [50] .
SSR Amplification and Cross-Species Amplification
Out of the selected 37 primers, 30 showed amplification and generated a total of 32 amplicons in Plantago ovata. Hence, the overall amplification rate was high (81%) without any non-specific amplification. The amplicon length ranged from 126 bp (APOM24) to 715 bp (APOM20). All microsatellites genotyped amplified alleles within the expected size range. However, only one or two alleles were observed at each one of the 30 SSRs (Table 4 ). All microsatellites were monomorphic, displaying a single allele in the P. ovata accessions (Figure 2 ) analyzed in spite of the expected multiallelic nature of these hypervariable markers. The results of the microsatellite analysis in P. ovata are well in line with other studies that dealt with RAPD and ISSR [15, 19] . The narrow variation and lack of inherent genetic diversity among the different P. ovata genotypes has also been revealed by both RAPD and ISSR markers [19, 53] . Another important result rendered by the microsatellite analysis is a very high rate of homozygosity in contrast to the preferentially outcrossing mating system for P. ovata. As a protogynous species with a temporal difference in anthesis, it is expected that most loci in P. ovata would be heterozygous, due to the preferential occurrence of outcrossing. [54, 55] , and the success of the cross-species amplification of SSRs depends on the evolutionary relatedness of the species sampled [56] . To test the cross-species transferability, 30 SSRs were tested on a panel of six allied species of Plantago (P. arenaria, P. coronopus, P. psyllium, P. indica, P. serraria and P. lanceolata). Of 30 primers, only 20 (66%) showed amplification in at least one of the allied Plantago species during cross-species amplification (Table 5) . Cross-species amplification of these novel SSRs in other sections varied, and a maximum of 85% cross-species transferability was noticed with P. arenaria and P. lanceolata, followed by P. coronopus and P. serraria (80%) and P. psyllium and P. indica (75%). The present report on the cross-species transferability was comparable with earlier reports on different crop species, such as cotton [57] and sugarcane [58] . The high rate of transferability suggests that the SSR flanking regions of the sequences identified in P. ovata are well conserved among the Plantago species. However, the results are not in congruence with Kotwal et al., 2013 , where the limited transferability of the primers from P. major to Plantago species was observed; although, primers based on unrelated genera, like Malus and Phaseolus, showed successful cross-species amplification in other species of Plantago [59] . 
SSR Marker Scoring and Data Analysis
The authentic identification of taxa is necessary for the commercial importance of Plantago and the protection of the intellectual property rights of breeders and farmers [14] . Therefore, six highly diverse genotypes of Plantago ovata and one genotype each from six allied species were fingerprinted with 30 SSRs. The present results showed that there is a very low polymorphism within P. ovata, as all SSRs were monomorphic. During the analysis, SSRs could clearly differentiate all of the species of Plantago used for study.
Jaccard's similarity coefficients among all pair-wise combinations of genotypes ranged from 0.38 to one, with a mean genetic similarity of 0.68. The dendrogram based on UPGMA analysis separated all of the genotypes into six groups at an average cut-off value of 0.79 (Figure 3 ). Six genotypes of Plantago ovata clustered into group one, and the rest of the genotypes were clustered in the other two. The first major cluster was divided into two minor clusters, out of which one minor cluster had one of the two early maturing genotypes, DPO14 of P. ovata having 94% similarity between them. Cluster I with only P. ovata was further sub-clustered, comprising GI-3, GI-2, RI-89 and EC124345 with 98.6% similarity. The accession EC123345 is highly resistant to downy mildew and is indigenous to Pakistan, hence being very distinct. However, this could not be clearly detected by SSR. Cluster II was comprised of P. arenaria, P. psyllium and P. indica; Cluster III was comprised of P. coronopus, P. serraria and P. lanceolata. The clustering pattern of the dendrogram corroborates the nature of genotypes GI-3, GI-2 and RI-89, which are developed by mutation breeding and possess elite characteristics, such as the EC124345 line, which is downy mildew resistant. The pattern of clustering of other species corresponds with earlier studies of [14] . In the second cluster, P. arneria alone showed a similarity index of about 63% and 78% with P. psyllium and P. indica, respectively. The placement of P. serraria and P. lanceolata in the present dendrogram does not line up with earlier findings [14] , as both of these species belong to different subgenus's, coronopus and albicans, respectively; hence P. serraria should have been therefore clustered with species in the fourth cluster. A RAPD analysis of different Plantago species by Singh et al., 2009 , showed a high level of polymorphism at the species level [53] . However, within species, only a low level of polymorphism was observed. Additionally, from the RAPD study, the accessions were not differentiated, but intra-specific differences recorded in all three species were much less in comparison with inter-specific diversity.
The study is mainly aimed at the development of genomic resources and not at genetic diversity. The newly developed SSR markers showed amplification in Plantago ovata genotypes and cross-amplification in other species, although polymorphism was not seen. The study preliminarily confirms that less variability/diversity exits in Plantago spp., and for an in-depth conformation, more SSR markers need to be screened.
